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Summary
We have determined the structure of the enzyme
RecU from Bacillus subtilis, that is the general Holli-
day junction resolving enzyme in Gram-positive bac-
teria. The enzyme fold reveals a striking similarity to
a class of resolvase enzymes found in archaeal sources
and members of the type II restriction endonuclease
family to which they are related. The structure con-
firms the presence of active sites formed around clus-
ters of acidic residues that we have also shown to
bind divalent cations. Mutagenesis data presented
here support the key role of certain residues. The RecU
structure suggests a basis for Holliday junction se-
lectivity and suggests how sequence-specific cleav-
age might be achieved. Models for a resolvase-DNA
complex address how the enzyme might organize
junctions into an approximately 4-fold symmetric form.
Introduction
Homologous DNA recombination is a ubiquitous pro-
cess and is one of the key pathways by which cells
repair damage to their DNA and restart stalled replica-
tion (Lloyd and Low, 1996; West, 2003). It involves the
establishment of a four-way DNA crossover known as
a Holliday junction (HJ) from the pairing of homologous
duplex DNA. In vivo, the junction can then migrate
many thousands of base pairs through the action of
helicase machinery that is provided in bacteria by the
RuvAB complex. Branch migration can enable the posi-
tioning of HJ intermediates at target sequences for
subsequent cleavage by Holliday junction resolvase
enzymes (HJRs), which, in turn, allows for separation
of paired duplex DNA and normal chromosome trans-*Correspondence: j.rafferty@sheffield.ac.ukmission at cell division. Thus, HJ resolution is an essen-
tial step in homologous recombination, and HJR activi-
ties have been found in all three kingdoms (Lilley and
White, 2001; Liu et al., 2004; Sharples, 2001). In general,
HJRs recognize and bind four-way DNA structures and
introduce paired incisions located symmetrically across
the point of strand exchange. Cleavage of the scissile
phosphodiester bonds in the DNA requires a protein
bound divalent cation that is believed to activate an
attacking nucleophile to carry out the hydrolysis re-
action.
To date, structural characterization of HJRs, with the
exception of E. coli RusA (Rafferty et al., 2003) and bac-
teriophage T4 endonuclease VII (Raaijmakers et al.,
1999), has classified them into two principal folds (Ara-
vind et al., 2000). The two main fold groups have been
categorized as the nuclease fold, which resembles re-
striction endonucleases and includes archaeal Hjc and
Hje resolvases (Bond et al., 2001; Middleton et al.,
2004), and bacteriophage T7 endonuclease I (Hadden
et al., 2001) and the integrase fold, which resembles
HIV integrase and includes E. coli RuvC (Ariyoshi et al.,
1994) and Schizosaccharomyces pombe Ydc2 (Ces-
chini et al., 2001). The extent of the selectivity for four-
way junctions and the degree of sequence specificity
involved in the cleavage event varies amongst the HJR
family members. Despite its significance, the molecular
basis for structural selectivity or sequence-specific
cleavage is poorly understood.
The Bacillus subtilis RecU enzyme was originally
called penicillin-binding-protein-related factor A (PrfA)
and is thought to be a member of the Class A penicillin
binding protein family (Ghuysen, 1994), largely because
of its localization to an operon containing the ponA
gene (Popham and Setlow, 1995), which is involved in
cell wall synthesis. This was further reinforced by ex-
periments that showed that inactivation of prfA causes
a 2-fold decrease in cell growth in several different me-
dia and that a ponA prfA double mutant is severely
compromised for growth (Pedersen and Setlow, 2000).
However, genetic analysis of chromosomal and plasmid
transformations demonstrated that recU/prfA was re-
quired for efficient homologous DNA recombination
and repair (Fernandez et al., 1998). The recU gene,
along with ruvA (previously termed recB), ruvB, and
recD, has been classified into the  epistatic group (Ay-
ora et al., 2004). Genetic evidence supports the hypoth-
esis of the existence of a RuvAB-RecU-RecD complex.
The recU gene has also been shown to be required for
chromosome segregation in B. subtilis, where its ab-
sence produces 1%–3% anucleate cells and asymmet-
rically located nucleoids (Carrasco et al., 2004; Peder-
sen and Setlow, 2000).
No recU homolog has been found in Gram-negative
bacteria, but sequences with significant homology
have been detected in many Gram-positive bacteria
(Figure 1). A number of completely conserved acidic
residues (Glu36, Asp88, Asp99, Glu101) that have been
implicated in the binding of divalent cations, as ob-
served in other resolvase and endonuclease structures,
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1342Figure 1. Sequence Alignment
(A) Sequences of RecU from different Gram-
positive organisms. The organisms are B. sub-
tilis, B. stearothermophilus, Staphylococcus
aureus, Streptococcus pneumoniae, Entero-
coccus faecalis, and Mycoplasma genitalium.
Residues are colored according to type. Sec-
ondary structure elements in the B. subtilis
enzyme are shown above the alignment with
relevant residue numbers. Fully conserved
residues are shown below the alignment. Cat-
alytically important residues are boxed. This
figure was prepared with INDONESIA (http://
xray.bmc.uu.se/dennis/).
(B) Topology diagram of the RecU subunit.
α helices and β strands are represented as
cylinders and arrows, respectively. The dashed
lines show residues that are missing in the
structure. This figure was prepared with
TOPDRAW (Bond, 2003).are highlighted. There are also two conserved lysine
residues (Lys56, Lys103) that have been suggested as
having a possible role in catalysis by analogy with other
endonucleases, and there is a notable repetition of ty-
rosine and glycine between residues 89 and 97. Al-
though there is no strict conservation of sequence in
the N-terminal regions, there is a predominance of posi-
tively charged side chains, and these are followed by a
conserved triad of Arg-Gly-Met (residues 31–33 in B. sub-
tilis RecU). Developments in fold recognition and se-
quence analysis have been employed latterly to sug-
gest a possible structural correspondence between
RecU and the type II restriction endonuclease PvuII
(Rigden et al., 2002). This class of enzymes shows sig-
nificant structural similarities, often in the absence of
strong sequence identity, amongst its members.
It has been hypothesized that the RuvAB helicase
and RecU endonuclease target junctions formed after
replication fork damage and promote junction cleavage
on opposing arms (Ayora et al., 2004). Furthermore, ex-
pression of RecU in an E. coli ruvC mutant restores UV
resistance only when the ruvAB genes are present (G.
Sharples and J.C.A., unpublished data). Biochemical
analyses have shown that RecU can bind to 3- and
4-arm DNA structures with high affinity and in marked
preference to single-stranded (ss) and double-stranded
(ds) DNA where there is a >10-fold decrease in effi-
ciency of binding (Ayora et al., 2004). In the presence
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af Mg2+, RecU can cleave junctions in vitro, introducing
icks with some sequence specificity. There is also
trong evidence for annealing activity with RecU that
as not been observed before in other prokaryotic re-
olvases, and this evidence suggests a dual role in the
stablishment and resolution of recombination interme-
iates (Ayora et al., 2004). It is thus similar in biochemi-
al function to the eukaryotic Rad51C protein from hu-
ans that plays both a role in early recombination
vents via a complex with Rad51B that anneals the
NA and in Holliday junction processing in concert with
rcc3 (Liu et al., 2004). In this work, we have deter-
ined the structures of free RecU at 2.2 Å resolution
nd complexes with metal cations as well as confirmed
he role of certain catalytically important residues by
utagenesis data. These data and those presented
ere on the conformation of RecU bound HJs have ena-
led us to produce preliminary models to explain the
ay in which RecU might interact with DNA substrates.
esults and Discussion
ach RecU monomer consists of 206 amino acids, and
monomers are observed in the asymmetric unit of our
rystal form. The monomer displays an α/β architecture
n which a central five-stranded mixed β sheet (β1, 2, 3,
, 6) is flanked by two α helices (α1 and α5) on one side
nd three on the other (α2–4) (Figure 2). An additional
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1343Figure 2. Structure of RecU
(A) A RecU monomer with α helices shown as red coils and β strands shown as blue arrows. The secondary structure elements and termini
are labeled. All figures were prepared with PyMOL (http://www.pymol.org), except where indicated.
(B) A RecU dimer viewed perpendicular to its 2-fold axis. Monomers A and B are shown in blue and red, respectively; conserved catalytic
residues are shown in yellow. The stalk region can be seen protruding from the underside of the dimer.
(C) A RecU dimer represented as in (B), but viewed along the dimer 2-fold axis into the face containing the two active sites.
(D) Electrostatic surface potential representation of a B. subtilis RecU dimer. The surface of a RecU dimer is shown colored by its electrostatic
potential (red % −5 kcal(mol·e)−1 ; blue R 5 kcal(mol·e)−1) calculated in the absence of any solvent or metal ions. The view is perpendicular
to the 2-fold axis.
(E) View along the 2-fold axis into the face containing the active sites. Each monomer active site is labeled with an asterisk, and the N termini
of each monomer are also marked. The active sites can be seen as strongly negatively charged, consistent with their acidic residue content
and the absence of Mg2+ cations. This figure was prepared with GRASP and PyMOL.
(F) The active site of monomer B. Conserved catalytic residues are labeled, and the clustering of Glu36, Asp88, Glu101, and Lys103 can
be seen.
(G) The active site of monomer B with a bound Mg2+ ion shown as a purple sphere. Distances (Å) to coordinating residues are indicated.
(H) A difference (Fo-Fc) electron density map contoured at 4σ (blue), illustrating the position of a bound Mn2+ ion, shown as a purple sphere,
introduced by soaking metal ion-free crystals in MnCl2.
(I) Stereo representation of experimental electron density.
(J) Stereo representation of the RecU dimer. Every 20th residue is labeled.
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1344pair of antiparallel β strands (β6 and β7) runs orthogonal
to the main five-stranded sheet and packs along its top
edge, thus providing residues to complete a hydropho-
bic core formed with additional residues from helices
α2–4. The conserved, repeating Tyr and Gly residues
noted in the sequence alignment (Figure 1) coupled
with conserved Phe residues are central to the forma-
tion of this core and the dimer interface (see below).
There is also a 310 helix formed by residues 113–116. In
addition to the core, there is an extended loop (residues
56–89), the end of which is disordered in our crystal
form (residues 66–79 in monomer A and 63–76 in mono-
mer B). The N-terminal 33 residues of both monomers
also cannot be seen in the electron density maps, im-
plying a high degree of flexibility, and predictions for
this region do not suggest the presence of any second-
ary structure elements.
RecU forms a dimer in solution (Ayora et al., 2004;
Rigden et al., 2002), and an obvious dimer is formed by
the two NCS-related monomers in the asymmetric unit.
Upon dimerization, residues from the three N-terminal
strands (β1, β2, and β3) of the central five-stranded β
sheet and helix α2 are buried to form an interface that
incorporates hydrophobic packing supplemented with
water-mediated contacts. Direct hydrogen bonds are
formed between the side chains of Asn90 in the two
monomers as well as between the main chain peptide
nitrogen of Gly95 and the peptide oxygen of residue
Gln130, which also contacts the main chain peptide ox-
ygen of Gln50 via its side chain carboxyamide group.
The extended loop formed by residues 56–89 is paired
with its counterpart in the other monomer via hy-
drophobic packing, and this creates a “stalk” structure
that protrudes from the main body of the enzyme by
about 25 Å. Overall, the dimer has dimensions of ap-
proximately 65 Å × 50 Å × 45 Å, including the stalk, and
can be described as having a mushroom-like appear-
ance, where the cap is formed by the main β sheet and
flanking helices (Figure 2). About 1100 Å2 (13%) of the
surface area of a monomer is buried in the dimer inter-
face as determined by AREAIMOL (Lee and Richards,
1971). An examination of the electrostatic potential sur-
face of RecU reveals regions of positive charge close
to the base of the stalk and remote from the 2-fold axis
on the face containing the active sites (Figure 2).
Active Site
The RecU dimer acts by making two simultaneous cuts
in the phosphodiester backbone of its DNA substrate
via its two active sites. The active site in RecU has been
identified by a combination of sequence alignments
amongst RecU homologs and related enzymes such as
PvuII, as well as by mutagenesis studies. These latter
studies have suggested the presence of three acidic
residues, Asp88, Asp99, and Glu101, as being essential
for catalytic activity (Rigden et al., 2002). Additional mu-
tagenesis studies presented here confirm the impor-
tance of these residues, as well as that of Glu36 for
catalytic activity (Table 1 and Figure 3). Examination of
the location of Asp88 in our structure has confirmed
that Glu36, Asp88, and Glu101 are indeed close to-
gether, but that Asp99 is somewhat more remote (Fig-
ure 2). The common active site architecture of type II
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oable 1. Survival of RecU Mutants to Methyl Methane Sulfonate
henotype MMS Concentration (g/ml)
50 100
t (pvector) + +
recU (pvector) − −
recU (pE36A)a − −
recU (pE36Q)a − −
ecUE36Ab − −
recU (pD88A)a − −
recU (pD88N)a − −
recU (pD99A)a − −
recU (pE101Q)a − −
. subtilis DrecU cells were transformed with a plasmid vector
pvector) or a plasmid-borne recU gene carrying a single point
utation (see strain in footnote a). A plasmid-free strain, carrying
single point mutation in the chromosome, was generated by a
ouble crossover (see strain in footnote b). The ability of the
ifferent strains to grow in two different MMS concentrations was
nalyzed.
B. subtilis DrecU cells carrying a plasmid-borne recU gene with
he corresponding point mutation.
B. subtilis cells carrying the chromosomally located recU gene
ith the single E36A point mutation.estriction enzymes such as PvuII possesses an addi-
ional basic residue that might correspond to Lys103
n RecU. The presence of Lys103 may be critical for
tabilizing the close approach of the nearby Asp88 and
lu101 and a substrate transition state or may act as a
eneral base to deprotonate an attacking water mole-
ule during catalysis. An additional conserved lysine
Lys56) is also seen adjacent to Asp88, and it may also
lay a critical role in stabilizing the interaction seen be-
ween Asp88 and Glu101 in the absence of divalent
ations.
The presence of bound divalent cations is essential
or RecU endonuclease activity, and we have deter-
ined the structure of cation bound RecU from crystals
rown in the presence of high concentrations of Mg2+
nd also via soaking free enzyme with Mn2+ com-
ounds. These data have revealed the presence of
ound cations coordinated by Asp88 and Glu101 (Fig-
re 2) and confirmed the role of these residues as
ssential for cation binding. However, in our structures,
e can only confidently assign the presence of a single
etal cation to the active site of subunit B. We also
bserve that the solvent structures and the side chain
onformation of Lys103 at the two active sites are not
dentical when divalent cations are bound either through
oaking experiments or via cocrystallization. In subunit
of the magnesium cocrystallized form, residues in the
ctive site adopt the same conformation as that seen
or both subunits in the Mg2+-free structure (Figure S1,
ee the Supplemental Data available with this article
nline). However, in subunit B, the side chain of Lys103
as become disordered, but there is extra density in
he map that can be assigned to a bound Mg2+ cation.
he identity of the cation is supported by its coordina-
ion distances and by the Mn2+ soaking experiments
hat reveal a strong 4s peak in the difference density
aps at the same location (Figure 2). Thus, the pres-
nce of the bound cation replaces the positive charge
f the Lys103 side chain that we propose stabilizes the
B. subtilis RecU Structural Analysis
1345Figure 3. Activity of RecU Mutants
(A) Cleavage efficiency on four-strand junc-
tions. Jbm6, γ 32P-labeled at strand a, was
incubated with increasing amounts of RecU,
E36A, D88A, or D99A in buffer containing 10
mM MgCl2 at 37°C for 30 min. Reaction
products were analyzed by using 15% dena-
turing PAGE. The sequence of the central re-
gion is shown; the 12 bp homologous mobile
core is written in capital letters, and the
heterologous sequence is written in small
letters. Major and minor nicking sites are de-
noted by filled and empty arrows, respec-
tively.
(B) DNA binding specificity of RecU mutants.
The protein concentration to reach half satu-
ration (Kapp), at 1 mM MgCl2, with the dif-
ferent DNA substrates used is indicated. The
values are the average of three independent
experiments.close interaction between the Asp88 and Glu101 ob-
served in the cation-free structure. We would anticipate
that the side chain of Lys103 would be ordered in a
DNA complex.
We note that in the structures of DNA bound com-
plexes of the type II restriction endonucleases the
phosphate groups on the DNA backbone contribute li-
gands to the bound cations and that the number of
bound divalent cations has been seen to vary (Pingoud
and Jeltsch, 2001). By analogy with the restriction en-
donucleases, it is likely that catalysis by RecU will pro-
ceed via activation of a water molecule bound to the
metal cations that then undertakes a nucleophilic at-
tack on the phosphate of the DNA backbone with sub-
sequent protonation of the leaving anion by another
activated water molecule. However, a more detailed
analysis of the catalytic mechanism of RecU awaits fur-
ther studies on DNA complexes that can reveal the ex-
tent of divalent cation binding, local solvent structure,
and any distortion of the DNA backbone.
Comparison to Other Structures
We carried out a structure comparison search of the
PDB by using the program PROTEP (Grindley et al.,
1993) and the DALI server (Holm and Sander, 1995), and
both gave strong matches with proteins containing the
type II restriction endonuclease fold as predicted (Rig-den et al., 2002). The best match to RecU found with
these programs is notably with Hjc from Pyrococcus
furiosus (PfHjc), an archaeal HJR (Nishino et al., 2001).
The majority of the secondary structure elements of
RecU, and in particular the central five-stranded β
sheet of each subunit, superimpose well with that of
PfHjc. Superposition of 66 Cα atoms of a monomer of
RecU with those of PfHjc gave a root mean square de-
viation (rmsd) value of 1.6 Å (Figure 4). Most strikingly,
a comparison of the RecU and PfHjc dimers shows that
the dimer interface is also maintained (rmsd 2.8 Å for
superposition of 191 Cα positions), unlike with the type
II restriction endonucleases, where dimer formation is
completely different. However, the stalk region present
in RecU is not found in PfHjc, although we note that the
equivalent regions in Sulfolobus solfataricus Hjc (SsHjc)
and Hje (SsHje) resolvases are 6 and 5 residues larger,
respectively, than in PfHjc but are only observed in one
of the crystal forms of SsHje (Middleton et al., 2004).
The N-terminal regions of PfHjc, SsHjc, and SsHje are
substantially shorter than that of RecU by about 30 resi-
dues, and the N termini of SsHjc and SsHje also show
some disorder. The recent structure determination and
analysis of the SsHje resolvase (Middleton et al., 2004)
highlighted the presence of an additional catalytic resi-
due, Ser30, conserved amongst the Hjc/Hje subfamily
of resolvases. A structural comparison with RecU re-
Structure
1346Figure 4. Structural Superimpositions and a
Model for HJ Binding
(A) RecU (blue) and PfHjc (green) dimers su-
perimposed and viewed down the 2-fold
axes showing their common fold and high-
lighting the conservation of quaternary struc-
ture.
(B) RecU ribbon diagram showing its con-
served catalytic residues (blue) superimposed
with those of PfHjc (green) and EcoRV (yellow).
(C) A model of a possible RecU-HJ complex
viewed along the 2-fold axis of RecU coinci-
dent with the 4-fold axis of an HJ. RecU is
shown as a ribbon diagram overlaid with a
semitransparent molecular surface and col-
ored by individual subunit. The two active
sites in RecU are marked with yellow aster-
isks, and the N-terminal regions are indi-
cated. The DNA is shown as colored tubes
corresponding to the positions of the DNA-
phosphate backbones of the four strands.
(D) View perpendicular to the 2-fold axis of
RecU, showing how the stalk region would
penetrate through the center of the junction.veals the equivalent residue to be a proline (Pro60) and
thus implies that a somewhat different catalytic mecha-
nism may occur.
The next best matches to RecU are a series of type II
restriction endonucleases including EcoRV (PDB entry
1rva) and PvuII (PDB entry 3pvi). Prior to the structure
determination, a model for RecU had been built based
on the predicted structural similarity to PvuII, and a su-
perimposition of monomers of RecU and PvuII in its
DNA complex form gave an rmsd of 3.8 Å over 97 Cα
positions, including most of the residues from β strands
1, 2, 3, and 5 and α helix 1 in RecU. Superposition of
101 Cα positions between monomers of RecU and
EcoRV gave an rmsd of 3.1 Å, and the structural equiva-
lence extended to the location of the catalytic residues.
Examination of the active sites of RecU, PfHjc, EcoRV,
and other type II restriction endonucleases shows the
predicted clustering of conserved acidic and basic resi-
dues. The catalytically critical residues from RecU
(Asp88, Glu101, Glu36, Lys103) superimpose very well
with key residues identified in PfHjc (Asp33, Glu46,
Glu9, Lys48) and in EcoRV (Asp74, Asp90, Glu45,
Lys92) (Figure 4). Analysis of the position of the bound
Mg2+ in the B subunit of RecU shows that it superim-
poses well with one of the Ca2+ sites and a Mg2+ site
identified in the various metal bound EcoRV complexes
(Kostrewa and Winkler, 1995; Thomas et al., 1999).
During the preparation of this manuscript, coordi-
nates of metal-free forms of RecU from B. subtilis (entry
1RZN) and Bacillus stearothermophilus (entry 1Y1O)
have been released in the PDB by two structural geno-
mics consortia. There are currently no manuscripts de-
scribing these structure determinations, but a compari-
son with our independent structure determination shows
that the B. subtilis forms are identical. The B. stearo-
thermophilus enzyme has a 58% sequence identity
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s very similar with an rmsd of 1.1 Å for 297 aligned
α positions.
NA Binding and Recognition
n order to help our understanding of how RecU can
electively bind an HJ in preference to dsDNA or ssDNA
ubstrates and cleave it at two symmetric sites simulta-
eously, we have constructed a model of a possible
omplex between RecU and an HJ. We used the avail-
ble DNA complexes of type II restriction endonucle-
ses to provide plausible starting points for how the
wo arms of an HJ containing the scissile phosphodies-
er bonds might be bound by a RecU dimer. The struc-
ure of the complex between EcoRV and an undecamer
ith bound Ca2+ ions (PDB entry 1AZ0) was ultimately
elected on the basis of the close structural similarity
etween RecU and EcoRV. Thus, duplex DNA derived
rom that bound to EcoRV was positioned at the active
ites of the RecU dimer. Examination of this starting
odel readily reveals how simultaneous binding to a
imple dsDNA substrate at both active sites or to a
tacked arrangement of the arms of the HJ, as ob-
erved for free junction in the presence of divalent cat-
ons (Ho and Eichman, 2001; Lilley and Norman, 1999;
rtiz-Lombardia et al., 1999), would be disfavored by
he central stalk region of RecU. Without a major re-
rrangement of the central stalk of RecU, the center of
n HJ must be opened up, and this could be achieved
y substantial unpairing of bases. Alternatively, a junc-
ion could adopt a more 4-fold symmetric form with a
esultant unstacking of the arms. Genetic evidence
uggests an interaction of RecU with the RuvAB branch
igration machinery in B. subtilis (Ayora et al., 2004),
nd, in E. coli, RuvA has been shown to organize an HJ
nto a 4-fold symmetric form (Hargreaves et al., 1998;
B. subtilis RecU Structural Analysis
1347Rafferty et al., 1996; Roe et al., 1998). Thus, using the
duplex DNA of the cleaved arms derived from the
EcoRV-DNA complex as a guide, a modified version of
a 4-fold symmetric junction with a slightly pyramidal
conformation was docked onto RecU (Figure 4). The
central hole formed in the unstacked junction can be
seen to accommodate the stalk region, and the two un-
cleaved arms of the junction are positioned such that
they might interact with the disordered 33 residue
N-terminal region of RecU, including the highly con-
served Arg-Gly-Met motif (residues 31–33) noted above.
The ends of the loops that form the stalk region can be
seen to follow the major groove of the DNA in the
cleaved arms of the junction in this model and can be
seen to make potential contacts with the phosphate
backbone, which is consistent with the presence of a
number of conserved positively charged side chains in
these loops. A consequence of inserting the stalk
through the center of the junction is that the solvent-
exposed, hydrophobic side chains of conserved resi-
dues Val64 and Phe81 in conjunction with that of con-
served Tyr80 might possibly stack against the incoming
bases of the duplex DNA. In the model, the scissile
phosphodiester bonds are positioned two bases from
the point of crossover. A 4-fold symmetric arrangement
of the junction with unstacked arms is consistent with
our data from electrophoretic mobility-shift assays
(EMSA) (Figure 5). In the absence of metal ions, the HJ
adopts a square planar geometry. Upon addition of
Mg2+, the junction folds by pairwise coaxial stacking of
arms. This results in two types of DNA strands at the
junctions: those that are continuous through the
stacked helices, and those that exchange between
pairs of stacked helices. Two stacked conformers are
possible, and HJs J1 and J3 show a strong tendency
to adopt the opposite conformers to each other (Kvar-
atskhelia and White, 2000). This gives rise to distinctive
EMSA patterns of mobility. However, upon RecU bind-
ing, the pattern of mobility of either J1 or J3 is indistin-
guishable from the one observed in the absence of
metal ions. In these assays, we have also examined
the pattern of cleavage by RecU of the continuous or
exchanging strands as previously performed for the Hjc
(Komori et al., 2000) and Hje resolvases (Kvaratskhelia
and White, 2000) where clear preferences were ob-
served. Unlike the structurally similar Hjc and Hje resol-
vases, RecU does not show a preference and cleaves
at sites in either continuous or exchanging strands (Fig-
ure 5). This further supports our model in which the HJ
is manipulated by RecU into an unstacked arrangement
and emphasizes the difference between the B. subtilis
enzyme and its archaeal counterparts.
RecU also binds three-strand junctions comprising
two duplex arms and two single-stranded overhangs
nearly as well as an HJ, and one can see that the two
arms could be readily accommodated, whereas binding
of a Y-shaped junction composed of three duplex arms
would face steric hindrance from the central stalk and
indeed its binding by RecU is substantially reduced
(w100 fold, Figure 3). RecU shows little affinity for short
(50 nucleotide) ssDNA, and a flayed junction with a sin-
gle duplex arm and two overhanging unpaired ssDNA
tails binds only 2-fold better than dsDNA. However, use
of much longer ssDNA substrates (194 nucleotides)that can perhaps access additional binding sites on
RecU shows a marked increase such that affinity is only
about 10-fold lower than for an HJ and may be corre-
lated with the reported single-strand annealing function
of RecU (Ayora et al., 2004).
Unlike the Hjc and Hje resolvases that do not show
sequence-specific cleavage, previous data for RecU in-
dicated a preference for cutting at a site with sequence
5#-G/TGYCA/C-3#, where Y denotes the site of cleavage,
which is distinct from those determined for E. coli RuvC
and RusA. From the data obtained with HJs J1 and J3
(Figure 5D), we can confirm the specificity for cleavage
at a site 5#-GYC-3#, but the presence at the predomi-
nant cleavage sites of a 5#-C in J1 and a 3#-T in both J1
and J3 suggests that the effect of adjacent sequences
needs further analysis. In our model, residues in the
region immediately preceding helix α2 are positioned in
the major groove of the DNA such that direct or indirect
contacts to the bases might be made to sense the local
sequence. A comparison with the Hjc resolvase also
highlights the difference in relative location of these
residues preceding helix α2. Residues from the stalk
might also make additional sequence-specific contacts.
It has been shown that RecU can catalyze uncoupled
cleavage at independent sites (Ayora et al., 2004). The
active sites in RecU are approximately 20 Å apart, and
although catalytically important residues are not di-
rectly involved in the dimer interface, nearby residues
on the interface, such as His55, Lys57, and Asn90,
might communicate the state of the active site to avoid
production of harmful, partially resolved nicked junc-
tions. However, this issue requires further investigation,
and we note a proposed mechanism for a RuvC-HJ
complex involving relief of strain in the DNA substrate
following first site cleavage that results in accelerated
second site cleavage (Fogg and Lilley, 2000).
Mutagenesis Studies
Residues Glu36, Asp88, Asp99, and Glu101 have been
highlighted as being involved in cation binding and ca-
talysis. Thus, we carried out some preliminary muta-
genesis studies on RecU to test the requirements for
particular residues or functional groups. A series of mu-
tated single-site protein variants were made in which
residues were exchanged for alanine or a conservative
amino acid (i.e., Glu for Gln or Asp for Asn) and then
tested for complementation of a RecU deletion strain
or introduced as a single copy into the chromosome to
replace wild-type B. subtilis RecU. The strains carrying
a single point mutation were as sensitive to DNA-dam-
aging agents as strains carrying a deletion of the RecU
gene (Table 1). The purified proteins were then assayed
for their HJ binding or catalytic activity. Analysis of
these enzyme variants to test for HJ binding reveals
that they have affinities for DNA substrates similar to
those of the wild-type B. subtilis RecU. Comparison of
the efficiency of cleavage of HJ Jbm6 (Ayora et al.,
2004) by the wild-type B. subtilis RecU and mutated
protein variants (Figure 3) reveals that, under the condi-
tions used, Glu36Ala and Asp88Ala variants were un-
able to cleave the HJ, whereas the cleavage efficiency
of an Asp99Ala variant was six times less efficient than
the wild-type protein. The Asp99 residue is not clus-
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1348Figure 5. Global Conformation of Junctions
Bound by RecU and Strand Cleavage Pref-
erence
Radioactively labeled junctions 1 and 3 (J1
and J3) assembled from four oligonucleo-
tides each of 80 nt were cleaved with the re-
striction enzymes in pairwise combination to
generate six species with two short and two
long arms, which were gel purified. J1 and
J3 have been well characterized as giving
two alternative stacking conformers for the
arms of the junction in the presence of Mg2+.
In J1, the B arm stacks upon the H arm and
the R upon the X, resulting in continuous b
and r strands and exchanging h and x
strands. In J3, the continuous strands are h
and x, whereas the exchanging strands are
b and r.
(A) Binding to the six species generated by
digestion of J1 in the presence of EDTA. The
same result is obtained with J3.
(B) Binding in the presence of magnesium
ions to J1.
(C) Binding in the presence of magnesium
ions to J3. The binding was analyzed by
electrophoresis in 8% polyacrylamide gels
containing EDTA or 200 M MgCl2. In the
presence of Mg2+ or EDTA, upon RecU bind-
ing, the junctions adopt a slow-fast-slow-
slow-fast-slow pattern similar to the one
observed for the junctions alone in the pres-
ence of EDTA. In the right part, the predicted
conformation of junction arms in EDTA and
Mg2+ is indicated, and the conformation cor-
responds to their relative mobility in the ab-
sence of protein. Lanes 1 and 7, species with
long B and H arms (i.e., digested with EcoRI
and XbaI); lanes 2 and 8, species with long
B and R arms (HindIII and XbaI); lanes 3 and
9, species with long B and X arms (HindIII
and EcoRI); lanes 4 and 10, species with
long H and R arms (BamHI and XbaI); lanes
5 and 11, species with long H and X arms
(BamHI and EcoRI), lanes 6 and 12, species
with long R and X arms (BamHI and HindIII).
(D) The sequences of the central regions of
J1 and J3 are shown, and the predominant
RecU cleavage sites on J1 and J3 are indi-
cated with arrows. Given the alternative con-
former preferences of J1 and J3, the lo-
cations of the sites reveal how, with J1,
cleavage occurs in what would be a continuous strand in the unbound junction, whereas, with J3, it is in what would be an exchanging
strand. This emphasizes the lack of a preference for cleavage of continuous or exchanging strands by RecU as distinct from the observations
with Hjc and Hje resolvases.tered with the other acidic residues, and it may play
only a secondary role in stabilizing the active site archi-
tecture.
Thus, the structure determination of RecU confirms
its assignment to the nuclease subfamily of HJ resol-
vases, but reveals an unexpectedly strong similarity to
the archaeal members of the family. The structure also
suggests a model for the way in which an HJ may be
bound that is consistent with biochemical data and in-
volves an unstacked, approximately 4-fold symmetric
arrangement of the arms of the HJ. RecU is known to
interact with the RuvAB branch migration machinery in
B. subtilis, and this suggests that HJ resolvasomes can
incorporate members of either the integrase (E. coli
RuvC) or nuclease (B. subtilis RecU) subfamilies of re-
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aolvases. However, in the latter case, an extra compo-
ent, the product of the B. subtilis recD gene, may also
e involved (Carrasco et al., 2004). Despite clear in-
ights provided by the structure of RecU into how the
nzyme might select for particular DNA structures and
ossibly achieve some sequence specificity of cleav-
ge, it is clear that the structures of RecU-HJ com-
lexes are needed to understand fully this critical bio-
hemical process.
xperimental Procedures
ample Preparation
he expression and purification of wild-type B. subtilis RecU was
arried out as described previously (Ayora et al., 2004), but with an
dditional purification step that involved gel filtration on a Hi-Load
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13491.6 × 60 cm Superdex 200 column (Amersham). For selenomethio-
nine incorporation, E. coli strain BL21(DE3) [pLysS] containing the
recU overexpression plasmid pCB210 was cultured in M9 medium
supplemented with the usual amino acids, except that L-methio-
nine was replaced with L-selenomethionine (50 mg/l). The RecU
protein was 90% pure, as judged by SDS/PAGE. The incorporation
of selenomethionine was confirmed by positive ionization electro-
spray mass spectrometry. Wild-type and selenomethionine-incor-
porated B. subtilis RecU were crystallized at 17°C by the hanging
drop method. The best crystals were grown by using reservoir solu-
tions containing 0.1 M Bicine/0.1 M NaCl/20% (wt/vol) PEG mono-
methyl ether 550 (pH 9.0) and 20% (wt/vol) PEG 3350/100–500 mM
magnesium acetate tetrahydrate (pH 7.7). Mercury and gold deri-
vates were produced by cocrystallization of wild-type protein by
using the above-described crystallization conditions with the addi-
tion of 1–10 mM ethyl mercury chloride, methyl mercury chloride,
or auric potassium cyanide. Wild-type B. subtilis RecU protein
crystals grown in 0.1 M HEPES/12% (wt/vol) PEG 8000/8% ethyl-
ene glycol (pH 7.5) were soaked with MnCl2 at concentrations rang-
ing from 2 to 100 mM and at times ranging from 1 hr to 1 week.
The mutated RecU variants were purified in a similar manner to the
wild-type B. subtilis protein.
Data Collection and Structure Solution
The structure was determined by multiple isomorphous replace-
ment (MIR) by using data collected from mercury, gold, and seleno-
methionyl derivative crystals. The mercury and selenomethionyl
derivative data were collected at the ESRF on station ID-29, and
the gold derivative was collected in house. A higher 2.2 Å resolution
native data set from a Mg2+-free crystal was collected later on sta-
tion 14.1 at the Daresbury SRS and was used in model refinement.
Data were collected at 100 K in a nitrogen gas stream, and crystals
were cryoprotected with paraffin oil. The data were processed in
P6 with unit cell dimensions of a = 74.2 Å, b = 74.2 Å, c = 154.7 Å,
α = 90°, β = 90°, γ = 120°. All data were integrated with MOSFLM
(Powell, 1999) and were scaled and merged with SCALA (Evans,
1993). Details are provided in Table 2.
An attempt was made to determine phases by a multiwavelength
anomalous dispersion (MAD) approach with the selenomethionylTable 2. Data Processing and Refinement Statistics
Se Derivative Mg2+
Native 1 Native 2 (Peak) Hg Derivative Au Derivative Cocrystal Mn2+ Soak
Data Collection
Space group P65
Cell constants, Å a = b = 74.2; a = b = 74.3; a = b = 74.1; a = b = 74.0; a = b = 74.7; a = b = 74.2; a = b = 74.0;
c = 154.7 c = 153.4 c = 155.9 c = 155.1 c = 154.7 c = 154.7 c = 152.4
Wavelength, Å 1.54 0.97 0.97 0.97 1.54 1.54 1.54
Resolution, Å 2.4 2.2 2.4 3.0 3.0 2.3 2.7
Observations 119,454 352,929 125,266 61,301 73,412 169,607 197,898
Unique observations 18,040 24,268 16,853 96,944 10,353 21,485 12,958
Rsym 5.0 (10.1) 5.0 (26.4) 7.5 (22.0) 8.6 (16.9) 10.3 (29.4) 5.0 (23.0) 12.0 (36.1)
Riso 26.8 32.4 17.8 29.1 29.4
Completeness, % 96.9 (94.8) 99.6 (99.6) 99.9 (99.9) 100.0 (100.0) 97.6 (97.6) 92.2 (99.2) 98.5 (99.2)
<I>/<σI> 7.9 (2.8) 8.4 (2.3) 6.9 (4.4) 7.1 (1.7) 6.1 (2.6) 10.1 (1.2)
FOM (solve), % 37
FOM (resolve), % 65
Refinement
R factor, % 21
Rfree, % 27
Rms deviation
Bond lengths, Å 0.01
Bond angles, ° 1.3
Number of residues 309
Number of waters 163
Ramachandran 0.0
outliers, %
FOM, figure of merit; Riso, Isomorphous difference; iso (hkl) = (|FPH| − |Fp|).derivative, but this proved unsuccessful. Subsequently, it was dis-
covered that two out of the three methionine residues in RecU are
located in a disordered N-terminal region. However, it was possible
to use the data from the wavelength corresponding to the peak in
a fluorescence energy scan as part of the MIR strategy. Heavy atom
sites were identified by automated Patterson search and phase re-
finement by using SOLVE (Terwilliger and Berendzen, 1999) with
data between 20–2.4 Å and the space group identified as being
P65. The experimental map produced from SOLVE showed clear
solvent boundaries and several secondary structure elements. This
was followed by solvent flattening and building initially with RE-
SOLVE (Terwilliger, 2002). Subsequent rebuilding was performed
with TURBO-FRODO (Roussel and Cambillau, 1991). Refinement
was performed with REFMAC (Murshudov et al., 1997) from the
CCP4 suite of programs (CCP4, 1994), and progress was checked
with PROCHECK (Laskowski et al., 1993). ARP/WARP (Lamzin,
1993) was used to find water sites automatically in the later stages
of refinement, and 170 water molecules were located. Refinement
continued until convergence, at which point the R and Rfree values
were 21% and 27%, respectiveley. In addition to a number of miss-
ing residues (see Results and Discussion), the electron density for
residues 160–165 in monomer B was very poor, and the residues
showed relatively elevated B factors and their side chains were
truncated. The coordinates of the free enzyme without solvent were
refined against the metal-containing data sets, and difference Fou-
rier maps were calculated to locate the bound metal cations.
Binding and Cleavage Assays
The gel-retardation assay and the Holliday junction cleavage assay
were performed as described previously (Ayora et al., 2004).
Supplemental Data
Supplemental Data including a figure showing the solvent structure
at the active site of RecU in the absence of divalent cations are
available at http://www.structure.org/cgi/content/full/13/9/1341/DC1/.
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